Summary: Purulent meningitis is a serious disease that often has a lethal outcome or gives lasting complications due to brain damage. The processes causing brain dys function or damage are still not uncovered nor are the reasons for the characteristic increase of CSF lactate, or the decrease of glucose levels and of pH. We studied rabbits with experimentally induced purulent meningitis (Streptococcus pneumoniae). Ten hours after the inocu lation into cisterna magna the rabbits developed symp toms of meningitis, with stiffness of the neck, tachypnea, and fever. The CSF level of lactate and the number of leukocytes were significantly increased and the glucose level was decreased. Brain interstitial pH, as measured by ion selective microelectrodes, was significantly de creased from the normal level of 7.4 to 6.9. The levels of Bacterial meningitis is a serious disease. The out come is often lethal (20%), and some of the survi vors are left in a disabled condition with paralysis, epilepsy, and intellectual disorders (Anderson, 1984; Sande et al., 1985) .
energy metabolites in brain cortex, including glucose, were not different between controls and infected animals, and the lactate level was not elevated more than could have been explained by passive diffusion from the CSF. This shows that the brain tissue is not the source of CSF lactate nor the sink for glucose in CSF. The marked acid ification of brain interstitial space and CSF demonstrates that purulent meningitis causes a significant disturbance of brain ion homeostasis that could be, at least in part, responsible for the brain dysfunction. We suggest that activated leukocytes consume CSF glucose and produce lactic acid and secrete protons, which causes the CSF and interstitial acidosis. Key Words: Meningitis-Brain extra cellular acidosis-Brain energy metabolites-Ion selec tive microelectrodes.
cells (Prockop and Fishman, 1966; Fishman et al., 1977; Menkes, 1979) . However, these theories have never been experimentally verified. If the latter the ory is correct a decrease of brain interstitial pH as well as an accumulation of lactate and decrease of glucose in the brain tissue should be expected.
This communication describes measurements of interstitial pH and energy metabolites in brains of rabbits with pneumococcal meningitis. We show that brain interstitial pH (pHe) is very low in af fected animals despite no change in brain energy metabolite levels. The results suggest that activated leukocytes are responsible for the changes in CSF lactate and glucose levels and the decreased pHe.
METHODS

Bacterial inoculum
Freshly isolated Streptococcus pneumoniae type III from a case of human meningitis was passed intraperito neally three times in mice to secure maximum virulence and well-developed capsules, before the bacteria were freeze-dried in small batches and stored at -80°C for later use. A new bacterial batch was used for each inoc-ulation. The batch was grown twice in serum bouillon, washed, and centrifuged three times in isotonic saline. The bacteriae were resuspended in saline to a density of 3.3 x lOB/ml, as determined photometrically. The density was controlled by serial dilution and quantitative growth (O'Donoghue et aI., 1974) . The inoculum was injected into the cisterna magna within 30 min of preparation.
Animal preparation
Albino rabbits (Ssc:CPH) of either sex weighing 2.6-3.5 kg were anesthetized with fentanyl (0.2 mg/kg) and fluanisone (10 mg/kg) intramuswlarly (i.m.) (Hypnorm, Janssen, Beerse, Belgium) and diazepam (0.2 mg/kg) in travenously (i.v.) as described by Gyring and Br�ndsted (1984) . Inoculation was performed by injection of lOB liv ing S. pneumoniae type III in 300 fLl isotonic saline into the cisterna magna just after removal of 500 fLl of CSF.
The animals were kept in separate cages with free ac cess to water and food. The infected animals were kept in a specially isolated unit of the animal house. Room tem perature, humidity, and light were computer controlled. All animals were supervised by veterinary inspectors and the experimental procedures were approved by the Com mittee for Animal Experiments under the Department of Justice.
The infected animals were closely observed and after 10 h all animals exhibited symptoms of meningitis (fever, tachypnea, opisthotonos). At this moment G-penicillin (penicillin Leo) 100,000 IV/kg and slow-release G penicillin (Ditardopen Leo) 250,000 IV/kg were adminis tered intramuscularly to secure a bactericidal plasma con centration for 12 h (Anderson, 1984) .
After another 8 h the animals were again anesthetized with fentanyl (0.2 mg/kg) and fluanisone (10 mg/kg) i.m. and diazepam (0.2 mg/kg) i.v. supplemented with local injections of lidocaine (Leostesin) at incision sites. An endotracheal tube was inserted through a tracheostomy and the animals were ventilated with a N20/02 mixture by a volume respirator, adjusted to the arterial Pco2, which was measured 5 min after the start of i. v. anesthe sia. Polyethylene tubings were inserted in the left femoral artery and vein for recording of arterial blood preessure, sampling of arterial blood for analysis of pH and blood gases (ABL 30 Radiometer, Copenhagen, Denmark), and drug administration. Blood samples were analyzed at the rectal temperature of the animal. Rectal temperature was kept at the level found initially during anesthesia, by a closed-loop controlled heat lamp.
During anesthesia, pulse rate, blood pressure, and tem perature were measured continuously and pupil reaction, tears, color, and movements were observed closely to maintain a proper level of anesthesia. Supplements of an esthesia were given when necessary.
The animals were placed in a stereotactic frame and a craniotomy with a diameter of 5 mm was made 10 mm behind the coronal suture and 8 mm lateral to the midline. The dura was carefully removed. After a microelectrode had been positioned at the brain surface the craniotomy was covered with CO2 equilibrated mineral oil, to prevent drying and to reduce escape of CO2, After completion of the microelectrode measurements, CSF samples were obtained anaerobically from cisterna magna and pH and CO2 were measured (in an ABL 30, Radiometer, Copenhagen, Denmark) at the rectal temper ature of the animal. The brain was then freeze-clamped by pouring liquid nitrogen into a funnel positioned around J Cereb Blood Flow Metab, Vol. 9, No.3, 1989 the craniotomy (Ponten et aI., 1973) . Brain cortical sam ples were dissected out in a glove box at -22°C. The samples were stored at -80°C for later analysis of energy metabolites.
Controls were treated as infected animals but had no cisternal puncture at the time of inoculation nor antibiotic treatment.
A separate group of animals were treated as controls, but were hyperventilated for 4 h at a P aco2 comparable to that observed in the infected animals.
Microelectrodes
The interstitial pH (pHe) was determined by double barreled ion sensitive microelectrodes with tip diameters of 1-3 fLm (Mutch and Hansen, 1984) . The electrodes were calibrated in phosphate buffers at 37°C. The elec trodes were usually stable for hours.
The CSF was soaked away from the brain surface and the electrodes were lowered into the brain by a motor driven micromanipulator. Zero position was achieved when the electrode made contact with the brain surface. Recordings were made continuously, pausing at intervals of 0.5 mm until a depth of 5.0 mm was reached, and the recordings were repeated during withdrawal. Afterward, the electrode was recalibrated.
Glucose and lactate measurements
Glucose concentration in plasma and CSF was mea sured spectrophotometrically by a microadaptation of a glucose-oxydase method (test-combination glucose, Boeh ringer Mannheim). Lactate concentration was deter mined fluorometrically by a two-step enzymatic method (Olesen, 1971 ).
Brain metabolites
Samples weighing 15-20 mg with a maximal thickness of 1 mm were taken from the surface of the cortex just below the craniotomy.
Concentrations of labile energy metabolites (glucose, glycogen, lactate, pyruvate, ATP, ADP, AMP, and phos phocreatine) were measured by enzymatic fluometric techniques according to Folbergrova et al. (1972) .
Histological techniques
Nine animals were perfusion-fixed through the left ven tricle with 4% buffered paraformaldehyde. The brains were postfixed in the same fixative for 24 h, and cut in 5-mm-thick frontal sections. The tissue blocks were de hydrated through ethanol and xylene and were embedded in paraffin at 56°C. Four-micron-thick sections were stained with haematoxylin and eosin, van Gieson tech nique, and Kluver-Barrera technique.
The count of leukocytes
Fifty microliters of CSF obtained from cisterna magna was fixed in 100 fLl Lilly's fluid, stained with methyl vi olet, and counted in a Fuchs-Rosenthal's chamber.
Statistical comparisons
Student's t test and one-way analysis of variance were applied.
RESULTS
Twenty-six percent of the infected animals died before start of the experiment, but only a few ani- Values are means ± SEM. *Denotes significant difference from controls (p < 0.05). All animals with hypoxia were ex cluded.
mals died during the experimental procedures. The major cause of death was cerebral herniation. Some died because of sepsis and few animals were put away because of convulsions. All of these animals were excluded from the results. The rest of the in fected animals all exhibited clinical signs of menin gitis including fever, tachypnea, opisthotonos, and loss of appetite at the start of the experimental pro cedure. Table 1 gives the physiological variables of the three groups.
Brain interstitial pH (pHe) Figure 1 shows the results of the pHe measure ments in the infected animals and controls. In the control animals pHe remained at the same level of 7.35-7.45 from the brain surface and down to a depth of 5.0 mm. The infected animals, however, had a significantly lower pHe at the brain surface and down to a depth of 2.5 mm. Further down to a depth of 5.0 mm, pHe was similar in the two groups.
The fact that the pHe in both groups was highest at the surface is probably due to loss of CO2, The Metabolites in brain cortex, eSF, and blood Figure 2 compares lactate and glucose in eSF, brain and blood plasma. In the infected animals, CSF (lactate) was increased threefold whereas CSF (glucose) was reduced 50% compared with the con trols; the CSFibiood index of glucose was 42% in infected animals and 53% in the controls. The glu cose of brain and blood were similar in the two groups, but lactate in brain was slightly increased.
The results demonstrate that, in the infected ani mals, the CSF compartment had the highest lactate content, being three times higher than the brain content. The CSF (lactate) in the hyperventilated group was 7.0 mmollL, not significantly different from controls. Meningitis was induced by intracisternal inoculation with Streptococcus pneumoniae. The hyperventilated animals had an arterial Peo2 of 14.7. The brains were frozen in situ by liquid nitrogen and specimens were chiseled out in a glove box at -22°C. Values are fLmollg tissue, mean ± SEM. The analysis employed standard enzymatic tests according to Folbergrova et al. (1972) . *Denotes significant difference from controls (p < 0.05).
ADP, AMP, and glucose were similar in all three groups, demonstrating that the infected group showed no signs of ischemia or deterioration in cel lular energy state.
In eight infected animals we measured the con centrations of glucose and lactate in the outer 1 mm of cortex, just below the craniotomy, and the adja cent deeper layers of the cortex. There was no dif ference in the concentrations of glucose and lactate in the outer and deeper layers of the cortex.
The number of leukocytes in the CSF
The number of leukocytes in CSF was <3 cells/"J.,l in the control group but 1 ,079-17,523 cells/I.d in the infected animals. There were no living bacteria in the CSF samples after 10 h of infection.
Histology
All the inoculated animals contained polymor phonuclear leukocytes between the arachnoid and the pia mater (Fig. 3) (Prockop and Fishman, 1966; Menkes, 1979; Fishman et aI., 1977) . Thus, because the hyperventilated control animals had an equally high lactate content it seems likely that the hyperventilation, rather than a compro mised energy metabolism, was the cause of the lac tate accumulation. Our conclusion is further sup ported by the finding that the glucose in brain cor tex of infected animals was not decreased (Table 3) , and there was no difference between the outer lay ers and the adjacent deeper layers of the cortex.
It is unlikely that the brain tissue in infected an imals contribute significantly to the CSF lactate, because the CSF level was three times higher than the brain concentrations and no uphill transport mechanism of lactate has been demonstrated. On Bacteria and their toxins could be the cause of the CSF perturbations. The fact that we found no living bacteria in the CSF of the infected animals after 10 h of treatment and that Tuomanen et ai. (1985) found an elevated lactate level and increased num ber of leukocytes in CSF in response to injection of killed bacteria or bacteria cell walls into cisterna magna of rabbits does not support this contention.
The cause of high CSF lactate levels may instead be ascribed to the infestation of the meninges with leukocytes (Fig. 3) . It is now well established that leukocytes increase their glycolytic activity and produce lactate when stimulated to phagocytic ac tivity (Cohn and Morse, 1960; Montani and Perret, 1964) . Our findings thus support the hypothesis that the CSF changes reflect metabolism of activated leukocytes as suggested by Tuomanen et ai. (1985) .
We found no correlation between the number of leukocytes present in the CSF and the levels of CSF lactate, glucose, and pH. The reason for this might be the poor correlation between the number of leu kocytes present in the CSF and the number of leu kocytes infiltrating the meninges (Beaty and Oppen heimer, 1968; Nolan et aI., 1978) .
Interstitial brain [H + ]
The present study demonstrated that bacterial meningitis is accompanied by a very low pH in the interstitial space of brain cortex. It is possible that this change in brain microenvironment contributes to the ensuing brain dysfunction due to the fact that an acidification of extracellular pH leads to a de creased ion-channel conductance in excitable cells (Hille, 1968; Satoh and Seyama, 1986) .
The pH of a compartment devoid of weak acids or bases is determined only by the tissue Pcoz and by the strong ion difference (Stewart, 1981) , which is the sum of all strong cations minus all strong anions, this value being equal to the "buffer base" or base excess concentration (Siesjo, 1972) . The low CSF pH ( is the fact that the leukocytes were only found at the brain surface and not in the ventricles. The fact that the water content is significantly increased in these brains (Gyring et aI., 1988a (Gyring et aI., , 1988b suggests that cellular swelling is present. In general, swelling has been associated with intracellular acidosis rather than with alkalosis. Thus, a decrease of intracellular pH will invariably stimulate Na + I H + exchange with intracellular accumulation of Na + (Mahnen smith and Aronson, 1985; Grinstein et aI., 1985) and, provided that passive Cl-I HC03 -exchange is also stimulated, Na + and Cl-may accumulate, with osmotically obligated water (Cala 1983 ; for a discussion of the effect of acidosis, see Siesjo, 1985) . Obviously there is conflicting information on changes in pHi and it seems highly justified to as sess intracellular pH in experimental meningitis.
In conclusion, the findings of the present inves tigation favor the view that in purulent meningitis the leukocytes are responsible for the increased lac tate and decreased glucose content of the CSF. The fact that these cells rarely enter the brain substance, but are confined to the inflamed meninges, suggests that the dramatic increase in brain interstitial [H + ] is caused by ingress of acid from the subarachnoidal CSF. The findings also suggest that treatment of meningitis must be directed not only toward the presence of bacteria in the CNS but also against the adverse effects of the presence of leukocytes. Fur ther investigations focusing on changes in the brain microenvironment and in intracellular pH need to be carried out to characterize the cause of brain dysfunction and edema.
